The contemporary distribution of biological diversity cannot be understood without knowledge of how organisms responded to the geological and climatic history of Earth. In particular, Quaternary expansions and contractions of glacial ice sheets are thought to have played an important role in shaping the distribution of biodiversity among current populations in the north-temperate region. In the central U.S., fossil and palynological data provide support for the maintenance of a large southeastern refuge during the last glacial maximum, and many temperate organisms are believed to have responded to glacial expansion by shifting their ranges to southern refugia and recolonizing northward to track the receding ice sheets. Thus, organisms are assumed to track favorable climates, and species ranges are expected to have shifted significantly. Here we present data from a deciduous forest vertebrate, the eastern chipmunk (Tamias striatus) in the central U.S., indicating the maintenance of multiple refugial sources as well as a southward expansion from a northern refugium. These results challenge the view that, during glacial maxima, organisms must have migrated south out of their ranges to track favorable climates.
The contemporary distribution of biological diversity cannot be understood without knowledge of how organisms responded to the geological and climatic history of Earth. In particular, Quaternary expansions and contractions of glacial ice sheets are thought to have played an important role in shaping the distribution of biodiversity among current populations in the north-temperate region. In the central U.S., fossil and palynological data provide support for the maintenance of a large southeastern refuge during the last glacial maximum, and many temperate organisms are believed to have responded to glacial expansion by shifting their ranges to southern refugia and recolonizing northward to track the receding ice sheets. Thus, organisms are assumed to track favorable climates, and species ranges are expected to have shifted significantly. Here we present data from a deciduous forest vertebrate, the eastern chipmunk (Tamias striatus) in the central U.S., indicating the maintenance of multiple refugial sources as well as a southward expansion from a northern refugium. These results challenge the view that, during glacial maxima, organisms must have migrated south out of their ranges to track favorable climates. P hylogeographic patterns from contemporary genetic samples have proven highly informative in recovering the demographic histories of species in glaciated landscapes (1) (2) (3) (4) . Phylogeographic principles have been applied to many European organisms uncovering characteristically lower genetic variation in northern populations and providing evidence of range expansions from multiple southern refugia (5, 6) . In North America, some studies have uncovered reduced levels of genetic variation in northern populations supporting expansions from southern refugia (7) (8) (9) . However, phylogeographic surveys of the central U.S. are incomplete, and recolonization scenarios have not been adequately tested (10, 11) .
Several lines of evidence are emerging that suggest organisms may not have consistently recolonized glaciated landscapes from southern refugia. In Europe, trace amounts of pollen, charcoal, and macrofossils from thermophilous plants as well as fossils of temperate mammals have been recovered from glacial age sediments far north of their predicted distributions in southern refugia (12) . Although these findings are often attributed to long-distance dispersal or stratigraphic mixing of fossils, the presence of northern refugia would help explain both postglacial colonizations that appear to exceed migration rates (Reid's Paradox, ref. 13 ) and nonanalogue assemblages of tundra and deciduous forest species that have been recovered throughout glaciated landscapes (14) .
In the central U.S., geological evidence indicates that during the last glacial maximum, an extensive area remained free of ice despite the expansion of the Laurentide ice sheet much farther to the south ( Fig. 1; ref. 15 ). This ''driftless region'' traditionally was predicted to consist of tundra or taiga-like vegetation during the last glacial maximum (16) . However, recent data suggest that deciduous forests may have persisted in this region. Modern palynological techniques have uncovered trace amounts of deciduous tree pollen such as Quercus in the driftless region, suggesting the possible persistence of small stands of trees during the last glacial maximum (17) . Furthermore, divergent chloroplast DNA sequences from extant populations of several deciduous forest trees near the southern limit of the Laurentide ice sheet indicate the maintenance of separate lineages that may have persisted closer to the ice sheets than previously expected (18) . Together, these data raise the intriguing possibility that populations of some deciduous forest-dependent vertebrates persisted north of the southern extent of the Laurentide ice sheet at its last maximum.
We present geographic variation from the mtDNA control region of eastern chipmunks, Tamias striatus, distributed across the central U.S., which are informative of the expansion of populations into this region since the last glacial maximum. The fossil record of T. striatus in the central U.S. demonstrates that T. striatus have had a continuous but dynamic presence in the region (14, 19) . Fossils of T. striatus dated to the last glacial cycle have been recovered from southeastern sites as well as far west of their current range, indicating that they may have persisted in multiple glacial refugia. However, the location of particular refugia is not discernible from the fossil record. T. striatus fossils from the late Pleistocene also have been recovered with fossils of species characteristic of boreal forests, suggesting that T. striatus could have survived in regions of cooler climate than those in which they exist today. These data suggest that T. striatus may have persisted in a complex set of glacial refugia, and that they colonized glaciated regions of the central U.S. from areas other than the south. We present mtDNA evidence that populations of T. striatus in the central U.S. expanded south from a northern refuge.
Methods

Sampling.
A total of 244 T. striatus were collected from 25 sites across Wisconsin, Illinois, Indiana, and Michigan ( Fig. 1 and Table 4 , which is published as supporting information on the PNAS web site). Animals were trapped in Sherman live traps (7 ϫ 8.5 ϫ 22.5 cm) and released on site. A small (3 ϫ 10-mm) piece of tissue was cut from the pinna by using cuticle scissors. Tissue was stored in 90% ethanol and placed on dry ice until storage at -20°C.
Laboratory Techniques. DNA was extracted by using DNeasy Tissue Kits (Qiagen, Chatsworth, CA). We amplified the entire control region plus the Pro tRNA for all 244 individuals. Primers were located in Phe tRNA (5Ј CATTTCCAGTGCTT-TGCTTT 3Ј) and Thr tRNA (5Ј ATTACTCTGGTCTTGTA-AACC 3Ј) that f lank the control region. Primers were designed by using the program PRIMER from published sequences of 12sRNA (20) and cytochrome b (21) . Resultant sequences were compared to sequences on the National Center for Biotechnology Information GenBank database by using BLASTN to confirm that the primers amplified mitochondrial control region DNA. PCR were run in a total volume of 25 l by using standard conditions. PCR products were purified by using QIAquick PCR purification kits (Qiagen). Sequencing reactions were carried out in a volume of 20 l by using the BigDye Terminator Cycle Sequencing Ready Reaction Kit version III (Applied Biosystems) under standard conditions. Sequence products were run on an ABI 3730 (Applied Biosystems) automated sequencer. Sequences were aligned by using SEQUENCHER 3.0 (Gene Codes, Ann Arbor, MI). Ambiguous base pairs were removed from the beginning and end of the sequences.
Phylogenetic Analyses. Evolutionary relationships among haplotypes were estimated by constructing phylogenetic trees by using Bayesian, parsimony, and distance methods. A HKY85 ϩ I ϩ ⌫ model of substitution was determined by hierarchical likelihood ratio tests with MODELTEST 3.06 (22) . Bayesian analyses were conducted with MRBAYES 3.0B4 (23) . The likelihood model was run with default settings, except the number of substitution types (Nst) was set to 2 (allows transitions and transversions to differ), and 100,000 generations were run. Parsimony and distance trees were estimated by using PAUP 4.0b10 (24) with 100 bootstrap replicates, nearest neighbor interchange branch swapping, and gaps treated as a fifth state. Distance trees were constructed with 1,000 bootstrap replicates, neighbor-joining search, and HKY85 distance correction.
Molecular diversity for each clade was calculated by using ARLEQUIN 2.0 (25) with a Tamura and Nei distance method, allowing for different transversion and transition rates. A ⌫ correction of 0.7057 was used as estimated by MODELTEST 3.06.
Pairwise Comparisons and Estimating Time of Expansion. Mismatch distributions of pairwise differences among all haplotypes were calculated by using ARLEQUIN 2.0 and a Tamura and Nei distance method. The mode of the first peak was estimated in ARLEQUIN 2.0 by running only western clade haplotypes. The mode of the second peak was estimated from Fig. 3 . The time of population expansion was calculated from the modes of the two peaks. As a rough estimate of divergence time based on control region sequences, we used molecular clock estimates of 15% sequence divergence per million years as previously applied to cytochrome b third codon positions (26) (27) (28) (29) .
Molecular Diversity Estimation. In recolonizing glaciated landscapes, most species are expected to exhibit leading-edge leptokurtic dispersal, whereby rare long-distance colonizers contribute most significantly to genetic variation, and migrants between established populations are expected to contribute negligibly (30) . Traditional expectations are that as populations expand in this fashion, genetic variation is lost, and the origins of range expansions are in the direction of higher diversity and heterozygosity (31) . Standard molecular diversity indices were calculated for the western clade by using ARLEQUIN 2.0 to test whether populations have expanded from south to north as expected. Gene diversity is defined as the probability that two randomly chosen haplotypes are different in the sample. Pairwise differences are the mean number of base-pair differences between all pairs of haplotypes in the sample. Nucleotide diversity is the probability that two randomly chosen homologous nucleotides are different. Haplotype diversity was calculated by dividing the number of haplotypes recovered from a population by the number of samples from that population. Molecular diversity indices were plotted against latitude by using EXCEL Ver. X (Microsoft). Regressions were calculated in SYSTAT 5.2.1 (Systat, Point Richmond, CA) with molecular diversity as the dependent variable and latitude as the independent variable. These indices were used to test the expectation that, if range expansions are from south to north, then genetic diversity should be greater in the southern populations sampled.
Haplotype Networks. A haplotype network was constructed by using TCS 1.13 (32) . This program uses statistical parsimony to connect haplotypes based on a 95% confidence interval. Haplotypes separated from other haplotypes by Ͼ14 mutational steps could not be connected to the network with 95% confidence. All haplotypes from the eastern clade were Ͼ14 mutational steps away from all haplotypes in the western clade. Thus, the network contains only western clade haplotypes.
To calculate how derived populations were on average, the number of mutational steps each haplotype is from the ancestral haplotypes was counted. Ancestral haplotypes are identifiable by their internal position in the network, by the number of lineages that arise from them, and by their commonness (33) . Tip clades that are connected to the remainder of the network by only one connecting branch are considered derived. A weighted average number of mutational steps away from the ancestral haplotypes per population was calculated for each population by multiplying the number of mutational steps for each haplotype found in the population by the number of individuals in the population with that haplotype, summing the haplotypes together, and dividing by the total population size. The weighted average number of mutational steps per population was plotted against latitude by using EXCEL Ver. X. Regressions were calculated in SYSTAT 5.2.1, with mutational steps as the dependent variable and latitude as the independent variable.
Results and Discussion
Phylogenetic Analyses. Sequencing recovered 964 unambiguous base pairs for 244 T. striatus samples, uncovering 95 unique haplotypes. Estimates from phylogenetic trees of the evolutionary relationships among these haplotypes recovered multiple divergent clades. Seventy-eight haplotypes are recovered from a widely distributed western clade (Fig. 2) that is marked by shallow sequence divergence (0.0071 mean within-clade divergence) with no bootstrap support for relationships along the backbone. This star-like phylogeny contains haplotypes recovered from populations distributed from northern Wisconsin to southern Illinois, Indiana, and southern Michigan (Fig. 1) . The remaining 17 haplotypes are recovered from multiple southern and eastern clades (eastern). The haplotypes in the eastern clades were recovered from populations from northern Michigan through Indiana and eastern Illinois to southern Illinois (Fig. 1 ). These clades, although not as thoroughly sampled as the western clade, demonstrate that the western clade is a geographically localized and monophyletic lineage, indicating that ancestors of T. striatus from the western clade have been isolated in the past from the ancestors of the eastern clades. Divergence among all clades is much deeper than within the western clade (0.0206 mean among-clade divergence), with strong bootstrap support for all clades (Fig.  2) . The deep branch lengths among clades demonstrate that the lack of differentiation among haplotypes within the western clade is not inherent to mtDNA from the control region of T. striatus. Together, these data indicate that T. striatus from the western clade are descended from a population that has recently expanded out of a small glacial refugium. Fig. 3 ). The first mode is produced by pairwise comparison of haplotypes in the western clade with a mean of 6.02 pairwise differences (0.62% divergence). This indicates that a population expansion occurred Ͻ50,000 years ago (26 -29) , consistent with an effect of the Wisconsin glacial cycle (79,000 -18,000 years ago maximum; ref. 15) . The second mode, at Ϸ32.5 pairwise differences (Ϸ3.2% divergence), is produced by comparison of haplotypes from the divergent clades, indicating a population expansion on the order of 200,000 years ago. This is consistent with a shared ancestry of the multiple clades in the Illinoian glacial cycle (300,000 -130,000 years ago; ref. 15) . Thus, the distribution of pairwise haplotype comparisons indicates that during the Wisconsin T. striatus from the western clade may have survived in a separate refugium, whereas during the Illinoian, they may have expanded from the same source as the other clades.
Population Genetic Analyses. Rapid range expansions out of refugia involving serial population bottlenecks during founder events are expected to exhibit decreasing genetic diversity as sampling moves away from the source, particularly in allele or haplotype number (30, 31) . If T. striatus from the western clade expanded from south to north, genetic diversity should be greater in the southern populations sampled. No significant relationships were uncovered among any of the genetic diversity indices (mean pairwise differences, gene diversity, and nucleotide diversity) and latitude (R 2 ϭ 0.0003, 0.0989, and 0.0003 respectively; all P Ͼ 0.10) across the range of the western clade. However, a significant positive relationship between latitude and haplotype diversity was recovered (R 2 ϭ 0.29, P ϭ 0.015, slope ϭ 0.045). Thus, contrary to expectations for a northward expansion out of a southern refugium, genetic diversity is not higher in southern populations, and we recover evidence for higher haplotype numbers in northern populations. The hypothesis of a north-to-south expansion was tested further by comparing the geographic location of ancestral and derived haplotypes. The exponential growth of newly founded populations would lead to weak genetic drift and an increased survival of neutral lineages (35) . Thus range expansion, including both bottlenecks and exponential population growth, may allow the replacement of ancestral haplotypes with novel derived haplotypes, especially at loci with high mutation rates such as the mtDNA control region (36) . If ancestral and derived haplotypes do not overlap and are located in different geographic areas, then ancestral haplotypes should be found close to the origin of range expansion, whereas derived haplotypes are more likely to be found at the leading edge of the range expansion.
Haplotype networks allow inference of ancestral (internal) versus derived (tip) relationships among haplotypes. The haplotype network clearly indicates Illinois-northwest (IL-NW) to be the most ancestral (Fig. 4, in yellow) . IL-NW is the most internal and the most common haplotype and gives rise to 11 independent clades. A second haplotype [Wisconsin-northwest (WI-NW)], just one mutational step away from IL-NW, is also internal and ancestral to five independent clades (Fig. 4) . Furthermore, if IL-NW and WI-NW are removed from the analysis, no other haplotype takes a central internal position, and the network is without clear ancestral haplotypes. IL-NW and WI-NW are found in three populations in northwestern Illinois and one population in northwestern Wisconsin (IL-1, IL-4, IL-7, and WI-1; Fig. 1) .
In sharp contrast, the haplotypes found in four of the southernmost populations sampled (IL-12, -14, -15, and -16) are localized to one clade (clade XV, in red) and are all derived from a single haplotype, Illinois-central (IL-C, in green), found in two populations just to the north (IL-11 and -13). The IL-C haplotype, although ancestral to all of the haplotypes in the southernmost populations, is derived from ancestral haplotype WI-NW. Haplotypes thus appear to become increasingly derived from north to south. The average number of mutational steps away from the ancestral haplotype (IL-NW) per population is negatively related to latitude across Illinois and Wisconsin (Fig. 6 A, which is published as supporting information on the PNAS web site; R 2 ϭ 0.25, P ϭ 0.008). To confirm that this relationship is not just a distance effect, we also treated haplotypes in IL-16 (our southernmost site) as the ancestral haplotypes and plotted the average number of mutational steps per population away from the IL-16 haplotypes against latitude. When IL-16 is treated as containing the ancestral haplotypes, no significant relationship is found between latitude and average number of mutational steps (Fig.  6B , R 2 ϭ 0.04, P ϭ 0.46). In other words, haplotypes become increasingly divergent from those in northern populations southward but not from those in southern populations northward. The most parsimonious explanation is that populations containing ancestral haplotypes would give rise to populations containing derived haplotypes, suggesting that Illinois was recolonized from north to south. Forcing the data from T. striatus to fit a south-to-north recolonization would require that all ancestral haplotypes in all source populations were lost, and ancestral haplotypes were maintained only in derived populations.
The phylogeographic analyses presented herein indicate that T. striatus populations in parts of Wisconsin and Illinois have recently expanded from a northern refugium near the Laurentide ice sheet in the upper central U.S. This finding is consistent with recent discoveries supporting the possible persistence of deciduous forest trees in this region during the last glacial maximum (17, 18) . These data suggest that some populations of deciduous forest vertebrates may have tolerated the climatic changes of glacial advance in cryptic northern refugia rather than migrating south to track favorable climates. The presence of northern refugia in glacial landscapes would have important implications for resolving postglacial colonizations that appear to exceed migration rates and the assemblage of nonanalogue communities. These analyses also recovered cryptic geographically partitioned deep structure among mtDNA lineages of T. striatus, suggesting that multiple isolated refugia provided the source of postglacial colonists to the central U.S. Thus, these data demonstrate that the demographic histories of species in Fig. 3 . Mismatch distribution of pairwise comparisons of all haplotypes. Expected frequencies of pairwise differences between haplotypes under a step-wise expansion model are indicated by E. Observed frequencies of pairwise differences between haplotypes are indicated by }. Modes indicate that most haplotypes coalesce to a narrow time interval that represents the time of expansion. The first mode is generated by comparisons of haplotypes from the western clade (mean 0.62% divergence). The second mode is generated by comparison of haplotypes from the multiple divergent clades (mean 3.2% divergence). Thus, the expansion of the western clade is restricted to a recent time interval on the order of tens of thousands of years, and the divergence of the western and eastern clades is also restricted to a narrow time interval on the order of 200,000 years. Fig. 4 . Western clade haplotype network reduced to indicate major clades (see Fig. 5 , which is published as supporting information on the PNAS web site, for the complete network and Table 2 , which is published as supporting information on the PNAS web site, for a description of the membership of each clade). Clades containing multiple haplotypes are indicated by circles, and haplotypes are indicated by rectangles. Branch lengths are drawn to scale of the total number of mutational steps in each clade, except the single mutational step between IL-NW and WI-NW and the abbreviated branch to clade VIIB. Colors correspond to frequencies in Fig. 1 . IL-NW and WI-NW are ancestral haplotypes (yellow). They are both internal and give rise to 11 and 6 clades, respectively, and IL-NW is the most common haplotype. All western clade haplotypes from the four southern sites (red) are monophyletic and derived from a single common haplotype IL-C (green), indicating that these populations are derived.
